Microwave (MW) heating benefits organic synthesis by affording higher product yields in shorter time periods than conventional heating (CH), yet it suffers from poor scalability and is limited to polar solvents in typical batch mode reactors. 1,2 An auto-frequency tunable microwave (AFT MW) continuous flow (CF) reactor has been developed and commercialized by SAIDA FDS Inc. and Pacific Microwave Technologies (PMT). 3 ATF MW compensates for changes in the microwave absorption properties (permittivity, ) with increasing temperature, 1,2,4 affording excellent temperature and process control. Moreover, it is applicable to heating of non-polar solvents. Organic synthesis using an ATF MW CF reactor is a rapidly developing research field in Japan and beyond. 5,6,7 Herein, we report recent applications of a microwave flow reactor using a solid-state semiconductor MW generator toward high efficiency synthesis of functional materials and pharmaceutical cores. Attention is drawn to examples where AFT MW heating has been compared to CH in flow, and where its application has expediated reaction optimization.
CF synthesis comparing AFT MW heating with CH

Heterogeneous reactions
Sajiki and co-workers at Gifu Pharmaceutical University disclosed a dehydrogenative aromatization under heterogeneous Pt catalysis using the AFT MW CF reactor ( Fig. 1 ). 8 When methylcyclohexane (MCH, 220 mL) was passed through a straight-tube reactor filled with Pt catalyst mounted on carbon beads and heated by AFT MW (10 W applied power) at 0.5 mL/min for 12 h of recirculation, 34 L of pure H2 gas was collected. This represented an energy-efficient method for H2 production, because the reflected MW power was only 1 W (90% heating efficiency) with a catalyst TON of ca. 68,000. The space-time yield of this system is ca. 1000 mol Lcat -1 h -1 , far superior to the rivalling organic chemical hydride (K-Pt/Al2O3-catalyzed) technology at 46 mol Lcat -1 h -1 . 8 This process has great promises for H2 storage and transfer hydrogenation applications, because hydrogenation of aromatic rings (the reverse reaction) can be readily achieved under Pd catalysis. Therefore, it is an example of a functional material synthesis. The results of AFT MW heating (catalyst T = 248 o C) vs. CH (oil bath T = 248 o C) were compared after 30 min of CF. The former conditions gave ca. 2.0 L of H2 (ca. 25% yield) while the latter conditions gave ca. 0.2 L of H2 (ca. 2% yield). Thermography revealed that this is due to selective heating of the Carbon Bead support of the Pt catalyst by AFT MW, compared to unselective heating of the whole reactor by CH. Sajiki and co-workers reported a heterogeneous Mizuroki-Heck reaction using supported Pd catalysis in a straight tube within the AFT MW CF reactor. 9 In one example, product 4 was afforded in up to 91% yield, 0.5 g/h. When the aryl iodide substrate 1 was changed, different exit temperatures were observed under the same applied MW power. This observation implicated the selective MW heating of reagents in the presence of solvent. Accordingly, a slight improvement in yield was observed when the reaction was performed using AFT MW heating (92% 4, 4% 1) vs. CH (87% 4, 8% 1) under the same CF conditions. 9 The Mizoroki-Heck reaction furnishes multi-substituted alkenes as ubiquitous intermediates in organic chemistry and in the pharmaceutical industry. 10 
Homogeneous reactions
At AIST, we applied AFT MW heating to the CF synthesis of IC60MA and IC60BA via a mismatched (electron-rich + electron-rich) Diels-Alder-type conjugation reaction between C60 and indene. 5 The synergy of AFT MW heating and CF was realized in the ability to synthesize IC60MA and IC60BA in productivities as high as 0.7 g/h (47% yield) and 0.5 g/h (32% yield), respectively. This is important because IC60MA and IC60BA have been demonstrated as superior electron acceptors with enhanced solubility vs. phenyl-C61-butyric acid methyl ester (PCBM) as the benchmark electron acceptor in polymer solar cells. 11 Moreover, non-polar solvent o-xylene could be heated to 270 o C which is next to impossible in other (non-AFT) MW reactors. The use of o-xylene in place of high-boiling polychlorinated aromatic solvents improves the cost-efficiency and green chemistry of these reactions. 5 At room temperature, the MW absorption property, tan , of the reaction mixture (o-Xylene + indene + C60) was very similar to that of the solvent only (o-Xylene) ( Table 1) , indicating there should be no selective reagent heating. Indeed, under the same conditions of RT and exit temperature, the CF reaction gave very similar results for AFT MW heating vs. CH (Table 2) . Here, the CH reactor was a ceramic furnace fitted with thermocouples ( Fig. 4 , left). External thermocouples 1-4 are fitted to the reactor tube surface and external thermocouple 5 is fitted to the inner furnace wall. 'Saida' is the internal thermocouple measuring the exit temperature of the flowing solution inside; its readings corresponded well with thermocouple 1 (Fig. 4 , right). External thermocouple 6 (not shown) is fitted to the end of the cooling loop prior to the BPR. Amides are one of the most important moeities in organic chemistry and in pharmaceuticals, but amide bond formations typically require inefficient or hazardous coupling reagents. 12 Novel methods for construction of functionalization of amides are desirable to researchers and industry. At the University of Shizuoka, we applied AFT MW CF reactor to a basecatalyzed C-alkylation reaction of NMP with styrene ( Fig. 5 ). 13 AFT MW heating in CF allowed 180 o C to be achieved at RT = 0.4 min for a given reaction mixture (0.44 M styrene, 0.26 M NaOtBu and 0.26 M 18-crown-6 in NMP), resulting in a productivity of 65 g/h as an upper limit. At lower RT, the maximum applied MW power (200 W) is insufficient to reach 180 o C. The MW absorption property tan of the reaction mixture (NMP + NaOtBu + 18-crown-6 + styrene) vs. solvent only (NMP) were very similar at room temperature (Table 3) , indicating there should be no selective reagent heating. In this case, however, under the same conditions of RT and exit temperature, the reaction gave superior results for the AFT MW heating vs. CH in CF (Table 4 ). Table 2 . In the case of MW, thermography was used to measure the reactor surface temperature gradient from bottom to top of the reactor tube (locations 1-16, Fig. 5 , left, center) with calibration as previously described. 6 The surface temperature increased in a non-linear fashion and the surface temperature of locations near the reactor exit were in agreement with the internal exit temperature (Fig. 5, right) . Together with the dielectric constant of the Duran pipe ( r' = 4.6, 1 MHz, 25 o C) 6 being much lower than NMP ( r' = 14.2, 2.45 GHz, 25 o C), this indicates the surface temperature is similar to the internal temperature and confirms the direct nature of radiative heating of the reaction mixture by MW. CH requires much higher surface temperatures (locations 5,15, Fig. 5, right) to deliver the same internal exit temperature. The high concentration and high-polarity solvent (NMP) yields more effective heat transfer by MW to the fast-flowing reaction mixture over the same given residence time than that of CH. This 'thermal' MW effect is less pronounced for the C60/indene conjugation reaction, where heating of the Duran reactor tube and o-Xylene occurs in competition (such an effect has been previously reported for Duran and CPME). 6 Dielectric properties may change at elevated temperatures, so a 'non-thermal' microwave effect cannot be exclusively ruled out. Mase and co-workers at Shizuoka University reported a kilo-scale alcohol acetylation using the AFT MW CF reactor (up to ca. 9.0 kg/day of ester 9, Fig. 6 ). 14 In order to achieve the optimal conditions, they fitted the MW CF reactor with a flowIR cell, monitored the yield in-line and fed the data to a 9+4+1 optimization method (Fig. 7) . They identified the upper and lower limits of MW applied power and flow rate as variables and yield as the response. They divided the range of each variables by 3 to arrive at 9 experimental runs (black spots). The point which gave the best yield was divided into four and four further experiments performed (grey spots). A final experiment was performed according to the expected optimum condition (white spot). In DoE analysis, factorial designs are generally more efficient and reliable compared to OFAT methods or the 9+4+1 method. 15 At AIST, we utilized a two-factorial face-centred central composite design (CCD) for the optimization of the C60/indene conjugation (Fig. 8 ). 5 The 8 experiments for the cube design combined with the 6 experiments for the star design and several (5x) central points were used to build the CCD, which imparted a deep understanding of the relative importance of temperature, [indene] and RT on the C60 conversion (RT was most important). The solid state oscillator's ability to continuously detect and match the temperaturedependent microwave absorption resonant frequency allowed rapid and controlled changes in T which culminated in rapid data acquisition (on average, <5 min intervals between runs of different temperatures). In contrast to OFAT methods, the factorial nature of the CCD allows it to reveal multifactor interactions, although such interactions were not significant in the C60/indene conjugation reaction. The successful construction of the CCD requires the results of reactions under 'extreme' conditions at the edges of the design space and is in itself a testament to the robustness of AFT MW CF technology. Elsewhere, AFT-MW CF technology has been leveraged for the OFAT-type optimization of a Johnson-Claisen rearrangement 16 and the synergy of AFT MW CF with software programs that automatically vary the flow rate and MW power has been employed to rapidly optimize an ortho-Claisen rearrangement reaction of allyl 1-napthyl ether. 6 3 Summary AFT MW applicators allow better temperature control and energy efficiency to CF reactions than other (non-AFT) MW applicators and they can successfully heat non-polar solvents such as o-Xylene and CPME. The reaction temperature can be rapidly changed which expediates reaction optimization and allows conservation of reaction mixture. The combination of AFT MW heating and CF has enabled high efficiency synthesis of functional materials and pharmaceutical cores.
